One contribution of 17 to a Theo Murphy meeting issue 'Antarctic subglacial lake exploration: first results and future plans' .
Mounting evidence from models and geological data implies that the Antarctic Ice Sheet may behave in an unstable manner and retreat rapidly in response to a warming climate, which is a key factor motivating efforts to improve estimates of Antarctic ice volume contributions to future sea-level rise. Here, we review Antarctic cooling history since peak temperatures of the Middle Eocene Climatic Optimum (approx. 50 Ma) to provide a framework for future initiatives to recover sediment cores from subglacial lakes and sedimentary basins in Antarctica's continental interior. While the existing inventory of cores has yielded important insights into the biotic and climatic evolution of Antarctica, strata have numerous and often lengthy time breaks, providing a framework of 'snapshots' through time. Further cores, and more work on existing cores, are needed to reconcile Antarctic records with the more continuous 'farfield' records documenting the evolution of global ice volume and deep-sea temperature. To achieve this, we argue for an integrated portfolio of drilling and coring missions that encompasses existing methodologies using ship-and sea-ice-/ice-shelfbased drilling platforms as well as recently developed seafloor-based drilling and subglacial access systems. We conclude by reviewing key technological issues that will need to be overcome.
Introduction
Over the last half-century, scattered rock outcrops on land and around two dozen drill holes have provided the basis for a direct history of Antarctic Cenozoic ice sheet evolution since it first formed 34 Ma (figure 1). Estimates of past changes in polar ice volume have largely been derived from records that are remote from the polar region, most notably in the deep sea or the continental margins in low-to midlatitudes [3] [4] [5] [6] [7] . These proxies for ice volume are useful when amalgamated into a single record because they allow us to see global trends, cycles and rhythms, but they remain subject to large uncertainties and assumptions (figure 2). However, for understanding the regional glacial history and processes, and their global influence on climate and sea level, the less complete but nevertheless direct records are key. Sea-level reconstructions used to infer ice volume changes through the Cenozoic have been developed using sequence stratigraphy backstripping from several continental margins [6, 7, 15] . This technique progressively removes the influence of sediment supply, tectonic subsidence and compaction on local water depth changes in order to extract the eustatic component. However, in most cases the effect of glacio-hydro-isostatic adjustments and mantle dynamics [16] [17] [18] [19] , which may exert a significant influence that overwhelms a purely eustatic signal at any single site, largely remain unknown [6, 14, 20] .
The deep-sea sedimentary record has also been used to derive a history of past ice sheet behaviour from the oxygen isotope (δ 18 O) composition of benthic marine microfossils (foraminifera) (figure 2). Because ice sheets preferentially incorporate isotopically light oxygen ( 16 O) from the ocean during periods of glacial expansion, the oceans become enriched in 18 Figure 2 . Reconstructions of (a) left-compilation of atmospheric CO 2 proxies throughout the Cenozoic. Individual proxy methods are colour-coded following the legend in the figure. The light grey shading is a 1 s.d. uncertainty band constructed using block bootstrap resampling for a kernel regression through all the data points with a bandwidth of 8 Myr prior to 30 Ma, and 1 Myr from 30 Ma to present [8] . Note, this compilation contains a revised estimate for Eocene CO 2 using the nahcolite proxy [9] . Right-'best and worse-case' representative concentration pathways (RCPs) for historic and future atmospheric CO 2 emissions [10] ; (b) composite deep ocean benthic δ 18 O record for the last 65 Ma represents a combined signal of global iceice volume and deep ocean temperature after approx. 35 Ma [11] ; (c) long-term trend in deep-sea temperature through the Cenozoic based on removal of the ice volume component of the benthic δ 18 O record using sequence stratigraphic records (black line with grey uncertainty band) and Mg/Ca estimates of deep-sea temperatures [12] , and scaled δ 18 O for the past 10 Ma [13] . (d) Reconstruction of sea-level lowstands (i.e. black lines) with minimum uncertainty ranges (grey envelope) and smoothed trend (black dotted line) using sequence stratigraphy for the New Jersey margin. Note, sea levels >70 m imply a significant tectonic component to this record, particularly prior to the Oligocene [14] . (Online version in colour.) cooler temperatures. Because these records are largely obtained from abyssal water depths, the bottom water temperatures they yield are commonly assumed to represent temperatures of highlatitude surface water, reflecting the region where denser bottom waters form before flowing down-slope into the deep ocean. 18 O records, with the remaining 20% associated with temperature change [23] . However, the assumption that ice volume has varied with a relatively linear relationship to global bottom water temperature is subject to several caveats discussed below.
The relative magnitude of the water temperature and ice volume components of δ 18 O may change over time because of variations in the oxygen isotope composition of past ice sheets. Lower elevation ice sheets are likely to be composed of precipitation that is less depleted than it would be at higher elevations. Thus, it is possible that ice sheets formed during warmer climates in the past may have been less isotopically depleted than today. This uncertainty has significant consequences for determining the past magnitude of sea-level variations through scaling δ 18 O records directly to sea level based on Late Pleistocene calibrations. For example, the East Antarctic Ice Sheet (EAIS) has an isotopic composition of −57 , whereas the lower elevation West Antarctic Ice Sheet (WAIS) has a composition of −45 . Model-based experiments suggest that the earliest ice caps in East Antarctica had a less negative isotopic composition (approx. −20 to −25 ) [24] . However, as these ice caps expanded into an ice sheet, the isotopic composition became increasingly depleted (towards values of −40 ) as the elevation of the ice sheet increased and surface temperature declined. The implication is that the 1.5 enrichment in benthic foraminiferal δ 18 O records across the Eocene/Oligocene boundary (approx. 34 Ma; figure 2) was the consequence of an ice sheet expansion equivalent to 135% of that for the Last Glacial Maximum (LGM; approx. 20 ka). This requires significant ice in the Northern Hemisphere during this cooling event, a deep sea cooling of 4 • C [25] , or an Antarctic continent that was capable of storing more ice during the Oligocene than during the Late Pleistocene [24] . A tectonic and pre-erosional reconstruction of the size and shape of the Antarctic continent at the time of the first major ice sheet growth 34 Ma [24] has shown that Antarctica was then 15% larger in area, making the latter scenario most likely. Consequently, it could hold more ice (in terms of sea level equivalent) in Oligocene times than today, even though the climate was then warmer than present [26] .
Understanding the tectonic and erosional history of Antarctica is increasingly seen as essential to constraining past sea-level budgets during various past climate states. The transition from a terrestrial (or shallow marine)-based WAIS, with a seaward-dipping shallow continental shelf to that of the modern overdeepened (i.e. landward-dipping) continental shelf, would have been a first-order control on Antarctic Ice Sheet volume and mass balance. First, the regional temperature threshold required for the development of a terrestrial-based ice sheet is higher than that of a marine-based ice sheet, which is highly sensitive to changes in oceanic heat flux [24, [27] [28] [29] [30] . A terrestrial (or shallow marine) West Antarctica may have supported a larger ice sheet in warmer-than-present climates of the past [26, 31] , whereas overdeepening of the continental shelves around the margin may have resulted in a smaller ice sheet with less frequent ice sheet advances.
For example, ice sheet models indicate that a largely terrestrial West Antarctica could accommodate approximately 13 million km 3 of additional grounded ice (i.e. approx. 30 m sea level equivalent (SLE)) in the warmer-than-present climates of the Eocene and Oligocene, while the increased buttressing provided by a larger WAIS also leads to a larger and higher EAIS [26] . Consequently, the earliest continental-scale ice sheets of the Oligocene may have risen higher than those of the LGM, resulting in an ice sheet with a lower δ 18 O composition, thus requiring less ice to explain the 1.5 enrichment in benthic foraminifera δ 18 O from the deep sea. In addition, marine ice sheets also displace some of their mass in the ocean, so even if the volumes of a marine versus terrestrial ice sheet are the same, the resulting sea-level changes are less for marine ice sheets. Therefore, constraining the timing of erosional lowering and tectonic subsidence that resulted in the overdeepening of West Antarctica's continental shelves and also parts of East Antarctica such as the Wilkes Land/Aurora Subglacial Basins, is another critical consideration when attempting to estimate the amplitude of eustatic sea-level variation through the Cenozoic from far-field records. Despite the large uncertainties in sea-level records discussed above, these proxy-based reconstructions from the deep-sea δ 18 O record highlight broadly similar long-term trends between CO 2 and sea level/ice volume (figure 2) [32] . The linear relationship between radiative forcing by CO 2 and sea level is more clearly seen in the Late Pleistocene (less than 0.8 Ma) glacial cycles where high-resolution measurements and chronologies show variations in pCO 2 between 170 and 300 ppm and sea level between −130 and +9 m [32, 33] . On longer geological time scales, a sigmoidal relationship between sea level and CO 2 indicates two major thresholds for ice sheet loss in the climate system. At atmospheric CO 2 concentrations of 400 ppm, empirical data suggest sea levels are approximately 22 m above present-day levels, implying that this is the threshold for the loss of marine-based Antarctic Ice Sheets [7, 32] . Sea levels remain at this level for CO 2 concentrations up to approximately 600 ppm, but above this sea levels rise further to another threshold whereby there is initiation of widespread surface melt and disappearance of the terrestrial EAIS. At concentrations of 1000 ppm, empirical data suggest sea levels are approximately 70 m above present-day levels [32, 34] , with coastal Antarctic mean annual temperatures approximately 16 ± 5 • C [35] implying a virtual absence of ice sheets globally. Numerical modelling studies suggest it is feasible to initiate small isolated ice caps nucleating on topographic highs in East Antarctica at CO 2 concentrations 6× PAL (greater than 1500 ppm), but it is not until atmospheric CO 2 concentrations fall below 750 ppm that continentalscale expansion of the EAIS occurs [24, 28] . This raises the possibility of ice in central Antarctica even during the warmest climates of the Cenozoic (approx. 50 Ma).
Given the large uncertainties of past sea-level estimates (figure 2), direct records of glacial extent from the Antarctic are needed in order to better constrain the extent of the Antarctic Ice Sheet during various climatic states of the Cenozoic. In this paper, we outline the current state of knowledge of the Cenozoic history of the Antarctic Ice Sheet, based on both proximal drill core records and far-field proxy records-with an emphasis on constraining its past variability and contribution to higher-than-present sea levels during warmer Cenozoic times. We then discuss what might be learned from future drilling sites around the Antarctic margin and in the interior.
Antarctic Cenozoic climate history
The pre-ice sheet 'Greenhouse world' climate is currently known only from two locations on the Antarctic continent: the strata of Seymour Island, Antarctic Peninsula (64 • S) [36, 37] , and glacially eroded boulders in moraines in southern McMurdo Sound (78 • S) [38] . Fossils and geochemical proxies for Mid-to Late Eocene times indicate global average temperatures of 19-26 • C (approx. 13 • C warmer than today) and Antarctic coastal temperatures very much warmer than today (MAT approx. 10-20 • C) [35, 39] . Proxies from Early Eocene strata drilled by IODP Leg 318 off Wilkes Land indicate much warmer summer temperatures (approx. 25 • C) and frost-free winters (approx. 10 • C) despite polar winter darkness [35] , but modelling indicates ice caps on interior mountains are possible, depending on atmospheric CO 2 levels [28] .
Despite the overall warmth of the Eocene, sea-level records from low-latitude passive margins [6, 14, 40] record high-amplitude variations (40-100 m), implying that episodic growth of substantial ice sheets on Antarctica may have occurred prior to the earliest Oligocene (figure 2) [41], but alternatively sea-level variations of this amplitude could also be explained by dynamic mantle processes discussed earlier [18, 19] .
If these varying far-field sea-level records do indeed represent eustatic sea-level changes, they fundamentally contradict the current model of Cenozoic cryosphere evolution. However, samples for testing their validity have yet to be taken from strata in either West or East Antarctica. The existence and nature of mountain glaciation in central East Antarctica is evident from recent studies of the sub-ice geomorphology [42] . A pre-34 Ma history is surmised, but the age of this earliest phase of glaciation can be obtained only from as yet unrecovered sediments in ancient basins and lakes flanking the interior highlands.
High-resolution deep-sea δ 18 O records and modelling studies indicate that the growth of the first ice sheet was triggered by orbital forcing combined with a decrease in atmospheric CO 2 levels below a threshold value between 1000 and 750 ppm [28, 41] (figure 2). Once initiated, the height-albedo feedback ensured that the first ice remained as a nucleus from which the ice sheet expanded and contracted in response to orbital forcing. When the first continent-wide ice sheet formed 34 Ma, palaeotopographic reconstructions reveal that approximately 20% more of the Antarctic continent was above sea level. Virtually all of this additional area was in West Antarctica and this may have allowed the ice sheet to be larger than today's, even during the higher CO 2 worlds of the Palaeogene [26] .
Geological records show the first continental-scale ice sheet extended beyond the present-day coastline in the Prydz Bay, Wilkes Land and Ross Sea regions, and possibly across West Antarctica to the Antarctic Peninsula [43] [44] [45] . However, these early ice sheets were also more dynamic than today, oscillating on Milankovitch frequencies [46] , much like the Northern Hemisphere Ice Sheets during the ice ages of the last 2 Myr, i.e. wet-based at the margins but cold-based in central highlands. Coastal climate was also warmer, supporting a beech forest ecosystem that survived the many glacial periods [47, 48] . An Antarctic warming around 25 Myr is implied by deep-sea δ 18 O records, which increase to values similar to the 'ice-free' Late Eocene (figure 2). However, proxy CO 2 values, although uncertain, remain relatively constant through this interval [8, 34] . This remains a critical interval for seeking direct records to better constrain the tectonic and erosional history of West Antarctica and the associated changes in Antarctic Ice Sheet volume (figure 3).
The transition from the Palaeogene to Neogene (approx. 23 Ma) is characterized by a significant drop in CO 2 , approaching pre-industrial atmospheric levels for the first time in the Cenozoic. A high-amplitude oxygen isotope shift (Mi-1) at the transition records a major transient glacial episode during which the first marine ice sheets expanded across deep portions of the continental shelf [46] . A sea-level fall of 50 m and a 3 • C cooling are inferred from δ 18 O and sequence stratigraphy records [6, 51] . Subsequent increases in CO 2 and the associated orbitally paced reduction in ice sheet volume over several hundred thousand years were accompanied by a >2 • C increase in bottom water temperature [51] . Despite this episode of polar warming and glacial retreat, generally cold circumpolar conditions characterize the Early Miocene, and drill core records indicate that the ice sheets were persistent but still responding to Milankovitch forcing [52] . This period terminated with the onset of the Miocene Climate Optimum, a period of global warmth that lasted from approximately 17 to 14.5 Ma [5] . Large-magnitude fluctuations in volume are inferred from oxygen isotope data [53] through this period and drill core records and seismic data from the Antarctic margin suggest that marine-based portions of the Antarctic Ice Sheets were highly sensitive to relatively small-scale changes in CO 2 [54] [55] [56] . Drillcores, terrestrial outcrops and geomorphology in the Transantarctic Mountains provide evidence of voluminous subglacial meltwater outburst floods from the EAIS margin prior to 14 Ma [57] , consistent with a warmer, more variable ice sheet at this time.
More persistent marine-based ice sheets, including the WAIS, were established around 14 Ma [58] , when CO 2 dropped below 400 ppm again during the Middle Miocene Climate Transition and generally remained below this key CO 2 threshold for much of the Miocene (figure 2) [59] . The relative stability of the EAIS since 14 Ma has been the topic of much debate since the 1980s, with the hypothesis of reduction (>2/3) of the EAIS at odds with hyper-arid polar climates interpreted in the Transantarctic Mountains since this time [60] . While the case for such a large reduction in ice volume is no longer credible, far-field sea-level estimates do suggest that the marine-based sectors of the EAIS were still highly variable in extent during the Miocene and Pliocene. Sea levels were approximately 22 ± 10 m higher than present during the Mid-Pliocene (approx. 3 Ma), implying a loss of both the WAIS and the Greenland Ice Sheet, and up to approximately 10 m sealevel equivalent (s.l.e.) from the EAIS (currently 53 m.s.l.e.). This is supported by recent isotopic fingerprinting studies of muds collected offshore of the Wilkes Subglacial Basin, indicating that this mud was eroded from rocks currently hidden under the ice sheet, probably by a marinebased ice sheet that had retreated inland [61] . Ice-rafted debris from offshore of Wilkes Land also indicates that a shift in orbital-pacing of the EAIS from obliquity to precession is associated with the intensification and expansion of coastal sea ice and relative stabilization of the East Antarctic [26, 50] . The glacial minimum state (ice-cap scenario) in the Oligocene is conceptual and based on the modelled ice caps above approximately 1500 m elevation at 3× pre-industrial CO 2 concentrations (approx. 850 ppm) [26, 28] , and sea-level variations of 20-30 m in sequence stratigraphic records. The graph shows the modelled window for sea level between glacial minima and maxima states (black boxes) and a broad (oversimplified) interpretation of how this may have changed due to major Cenozoic climate and tectonic events (light grey envelope). Superimposed on this curve is the sequence stratigraphic sea level reconstructions from the New Jersey margin (black line and dark grey error envelope), which has been corrected for inferred large-scale tectonic effects prior to the Eocene to fit within a global ice volume inventory of +70 m [12] . MMCT, Middle Miocene Climate Transition.
Ice Sheet marine margin [62] . A recent continental-scale dynamic ice sheet model, with a new treatment for ice shelf collapse and marine grounding line retreat [63] , also implies retreat of ice in EAIS and WAIS subglacial basins and a total contribution to the mid-Pliocene global mean sea-level rise of +17 m. Drilling beneath the modern-day Ross Ice Shelf, the ANDRILL Program, provided the first direct evidence of major marine-based WAIS advances and retreats during the Pliocene, probably being reduced to its terrestrial remnants during the warmest periods. [64] . WAIS became a more persistent feature after 3.3 Ma, albeit with orbitally paced retreat events, and a cooling event associated with expansion of the Southern Ocean sea-ice belt between 3.3 and 2.5 Ma [65] . Pleistocene diatoms recovered from beneath areas of WAIS now grounded point to open marine conditions in the interior of West Antarctica at time(s) after 1.3 Ma [66] , although the exact timing remains elusive. Far-field sea-level reconstructions suggest that Marine Isotope Stage (MIS) 5e (approx. 120 ka) was associated with global sea levels 6.6-9 m above present [67] . Recent ice core evidence and models indicate that the Greenland Ice Sheet probably contributed only approximately 2 m to sea levels at that time [8, 68] , requiring the remaining contribution to have come from the loss of the marine-based sectors of the WAIS, and in the case of the upper end of the MIS 5e sea-level estimates, an EAIS contribution is also required. Sediments in AND-1B under the Ross Ice Shelf indicate that the WAIS oscillated between a grounded ice sheet and floating ice shelf several times since 800 ka [69] . Although AND-1B and the Cape Roberts Project (CRP-1) provide evidence of a retreat of the WAIS ice margin from the edge of the continental shelf at least as far south as the McMurdo Sound region during MIS 31 (approx. 1 Ma), there is no geological evidence of widespread deglaciation of WAIS since that time [69, 70] .
Beyond ANDRILL
The magnitude of sea-level variations (up to 60 m; figures 2 and 3) inferred from the deep-sea oxygen isotope and sequence stratigraphic records [6, 12] prior to the Quaternary (2.58 Ma) can potentially be reconciled without invoking Northern Hemisphere contributions (figure 3). To test this, direct records documenting past ice sheet extent under a range of well-documented climatic states and palaeotopographic configurations are required together with ice sheet models to reconstruct volume changes. This can be achieved by adopting a latitudinal transect approach whereby a series of sites are cored from the outer Antarctic continental shelf into interior sedimentary basins beneath the West and East Antarctic Ice Sheets (figure 4). Ideally, drill cores from well-chosen sites can provide a dated record of the presence and absence of ice cover at each site, contributing to a collective time-space framework for ice sheet variations of the Antarctic ice margin. To gain an idea of potential past marine-based ice sheet variability, modelling indicates that the contribution to global sea-level rise between ice extent at the LGM and the loss of the marine-based sectors of both West and East Antarctic Ice Sheets (assuming present bathymetry) represents approximately 30 m SLE (figure 3c).
To provide first-order constraints on past ice sheet extent under the various climate and palaeotopographic states of the Cenozoic, it is essential to obtain geological records from several key strategic locations using a transect approach from outer to inner shelf sites that are currently covered by a grounded ice sheet (figure 4). Below, we outline how such an approach could be achieved using an integrated modelling and drill core strategy. We discuss this in the context of drilling platforms currently available and under development.
(a) Ship-and seabed-based platforms
There are currently four full proposals with the International Ocean Discovery Programme (IODP) that are on track for drilling in the next decade (figure 4). As all are located near the outer continental shelf, they will be useful in providing a physical record of maximum ice extent of the WAIS or the Wilkes Land margin of the EAIS ( figure 1 and figure 4) . The sites are chosen for the most complete records available for Neogene history (the last 24 Myr), although some sites may extend to older strata. These outer-shelf sites will also be able to provide, for ice-free periods, proxy data on oceanic conditions that may have triggered ice retreat (sea surface temperatures, changes in oceanic stratification and the presence/absence of sea ice) using a range of palaeontological and geochemical methodologies. These drilling projects will also provide age control for the regional seismic stratigraphy, and this will vastly improve our knowledge and understanding of the tectonic and erosional history of West Antarctica and Wilkes Land. As discussed earlier, this is a key consideration for enabling us to identify past thresholds of marine and terrestrial ice sheet systems under rising (and falling) atmospheric CO 2 levels. Three of these IODP proposals aim to use the ship-based platform of the JOIDES Resolution in the Ross (IODP-751) and Amundsen Seas (IODP-839) and the Antarctic Peninsula (IODP-732) to drill a transect of sites from the deep water continental rise to the outer continental shelf ( figure 1 ). The shelf sites will obtain a direct record of ice sheet grounding events, and as a consequence will contain numerous hiatuses because of glacial erosion. The continental rise will contain more continuous records and will obtain geological records that enable a better understanding of ocean-ice sheet interactions. In particular, they record the changing ocean currents and Circumpolar Deep Water upwelling onto the continental shelf, which are likely to have played a role in past WAIS collapse events as is being observed today. The fourth IODP proposal (IODP-813) aims to use new seafloor-based systems such as Marum's MeBo or British Geological Survey's RockDrill2 [71] to drill short cores (less than 80 m) from dipping strata exposed on the seafloor off the Wilkes Land margin (figure 1). Because dip is steep, with progressively younger strata being exposed on the seafloor toward the continental shelf break, this proposal aims to drill an inner-to outer-shelf transect for 'snapshot' records of critical periods of ice sheet history covering most of Cenozoic time. This proposal builds on detailed geometry from extensive seismic surveys and the IODP Leg 318 offshore of Wilkes Land in 2010, which drilled continuous records of continental rise sedimentation and oceanographic change from much of the last approximately 50 Myr. It also seeks to determine the Eocene to Early Miocene history of tectonic subsidence and glacial erosion in the central Ross Sea, the evolution of the West Antarctic Rift System, and how these palaeotopographic changes may have influenced ice sheet evolution.
This proposed project is technologically ambitious as it aims to drill the seafloor beneath approximately 260 m of ice shelf moving at 2 m day −1 with core recovery more than 95%. However, it would use the proven drill rig, 'sea riser', and hot-water drilling systems from the first two ANDRILL sites. The engineering challenge for Coulman High Project is to operate for approximately 50 days through a 400 m deep water cavity and accommodate a 'sea riser' and drill string bending from the approximately 100 m (2 m day −1 ) northward movement of the ice shelf. To overcome this obstacle a 'downstream spud-in' method has been developed that involves a winch cable deployed under the ice shelf and attached (via a weight system) to the sea riser to pull the riser downstream of the surface location of the drill rig, to spud into the seafloor ahead of the direction of ice movement.
Building on the success of the Whillans Ice Stream Subglacial Access Research Drilling (WISSARD) project coring at the grounding zone of Whillans Ice Stream at the Siple Coast (see [72] ), a New Zealand-led project plans to conduct a series of geophysical surveys and hotwater drill access holes made through the Ross Ice Shelf for shallow coring and oceanographic measurements between 2016 and 2018. This project will extend the latitudinal transect from the ANDRILL AND-1B site at the edge of the Ross Ice Shelf, upstream, to a 'mid Ross Ice Shelf' location along the South Pole road, followed by an access hole near the Kamb Ice Stream region, Siple Coast. In addition to glaciological and oceanographic process studies these surveys aim to identify future ANDRILL drill core targets close to the modern grounding line of southern-most ice draining WAIS. Seismic imaging will be used to identify sedimentary accumulations of strata for potential drill sites with the best opportunity possible for recovering a sensitive and definitive record of past WAIS 'collapse' events during the last few million years. These will provide a robust test for collapse events inferred from the distant AND-1B record on the northern edge of the Ross Ice Shelf. 
(ii) Grounded ice sheet access holes
Deep geological drilling at the WAIS grounding line on the Siple Coast would be a significant advance on previous ANDRILL drillcores, which are reliant on modelling studies inferring that the loss of the Ross Ice Shelf south of Ross Island would result in a full WAIS collapse [29, 64] . However, although cores from the WAIS grounding line would give a much-needed direct assessment of the extent of WAIS retreat, subglacial drilling beneath sectors of the nowgrounded ice sheet is ultimately required to truly assess the extent of Cenozoic ice volume loss in the Antarctic ( figure 4) .
As noted earlier, there is a 95% probability that global eustatic sea level exceeded 6 m above present during MIS 5e (approx. 120 ka), with only 2-3 m of this coming from the Greenland Ice Sheet [67, 68] , implying that an additional 3-4 m of sea-level rise must have been the consequence of partial deglaciation of Antarctica. In order to verify this interpretation of far-field sea level, it is essential to obtain cores from beneath the now-grounded sector of the WAIS. As these higherthan-present sea levels occurred in a climate that was approximately 1 • C warmer than present, with atmospheric CO 2 levels at pre-industrial levels (280 ppm), collapse of the some or all of the marine-based sectors of the WAIS is the most probable scenario because of the inherent marine ice sheet instability processes recognized as a feature of WAIS behaviour [63] . However, there remains no direct record from Antarctica of WAIS collapsing during MIS 5e. This is probably the most achievable target for a subglacial drilling or coring programme, as, due to the geologically recent nature of this event (120 ka), any preserved sediments are likely to be accessible within a few to tens of metres from the ice/sediment interface. The location of a targeted drill site beneath WAIS also matters, as recent models indicate that a contribution of less than 5 m to higher-than-present sea level does not imply its full collapse (figure 3) [63] . These models indicate that, although the Siple Coast ice streams experience significant retreat, the first new seaway that is modelled to open up is between the Pine Island Glacier (PIG) and Rutford Ice Stream, where there is a steep reverse slope bed beneath WAIS [73] . Thus, either of these regions could be used for a direct test of the hypothesis of a +3 m contribution from WAIS to the MIS 5e high sea level ( figures 3 and 4) . However, there are other questions to ask when determining a location to core for evidence of a possible MIS 5e collapse:
(1) Is there a sedimentary basin where marine sediments were deposited in these locations? (2) Is there a site where these have not been eroded by the subsequent LGM glacial advance? (3) How might they be dated?
Large volcanic systems have existed beneath Marie Byrd Land and Ellsworth Land over the last 34 Myr [74] , including at least one that erupted as recently as 2200 years ago and is located at the critical location near the seaway that would have formed between PIG and Rutford Ice Stream [75] . This points out the potential for dateable volcanic and sedimentary strata that may have preserved past interglacial events of WAIS.
This was the case at the ANDRILL AND-1B site south of volcanic Ross Island. AND-1B was located in a 'flexural moat' surrounding a cluster of volcanoes that formed the island. The load of the growing volcanic complex over the last 5 Myr caused the surrounding crust and sea floor to sag, slowly filling with sediment and volcanic ash whose characteristics reflected the climate and conditions when they were deposited. In brief, the AND-1B core revealed more than 15 episodes between approximately 1.1 and 5 Ma when the site was ice-free, implying that the Ross Ice Shelf had collapsed and with it WAIS [64] . Similar volcanic regions beneath the inland ice of Marie Byrd Land and Ellsworth Land could contain similar ash-bearing sediment fill from flexural moat systems.
The last 800 000 years are of special interest because they represent what we now regard as the stable climate system of the Ice Age world, with CO 2 varying between 180 and 280 ppm. In recent years, the collapse of WAIS during past interglacial periods has become a significant issue, with studies indicating that MIS 11 (400 ka) sea levels may have been 6-13 m above present [76] . A sediment core on the continental rise of the Amundsen Sea indicates a strong glacial to interglacial cyclicity for the last eight cycles of the last 800 000 years, apart from the sixth before the present day (MIS 15-13, 621-478 ka) [77] . The sediment from this period shows enhanced biological productivity throughout, indicating prolonged interglacial conditions and possible WAIS collapse during MIS 15 [77] .
At AND-1B conclusive evidence for the most recent WAIS collapse suggests this took place during MIS 31 (approx. 1 Ma). All younger sediments are either ice shelf muds/diamicts or subglacial tills, implying that the WAIS was less susceptible to collapse following the Mid Pleistocene transition-the period when the orbital pacing of glacial/interglacial cycles switched from a 40 to 100 kyr cyclicity. This observation, as well as paired Mg/Ca and benthic δ 18 O records from the South-West Pacific, have been used to suggest that rapid glacial intensification in the Antarctic may have had a causal role in the Mid Pleistocene Transition [78] . A more direct record of WAIS behaviour from beneath the ice and covering the slightly warmer periods of the last 800 kyr will show just how sensitive this ice sheet is to present-day forcing.
Moving deeper into geological time, far-field sea-level estimates using backstripped sequence stratigraphy and δ 18 O records indicate it was extremely likely (95% probability) that sea levels were 22 ± 10 m (95% CI) during the warmest interglacials on the Late Pliocene (3.6-2.6 Ma) [7] . However, these estimates do not consider glacio-hydro-isostatic adjustments and mantle dynamics, leading the Intergovernmental Panel on Climate Change to revise the estimate to 10-15 m with 'high confidence' [8] . The lowest estimate of 10 m can be explained by total collapse of the Greenland Ice Sheet (7.4 m sea-level equivalent) and partial WAIS collapse of less than 3 m (as implied by the AND-1B core), while the upper value of 32 m requires the loss of virtually all marine-based ice in Antarctica (22.7 m) and the Greenland Ice Sheet (7.4 m). Consequently, subglacial records from beneath marine-based regions of the Antarctic Ice Sheet are needed to provide evidence of times when parts of the interior either were covered by floating ice or were ice-free. An aspirational goal for future drilling programmes is to test hypothesized thresholds for complete loss of marine-based ice sheets under elevated concentrations of atmospheric CO 2 [24, 32] . To achieve this drilling is required in the upper reaches of the Aurora and Wilkes Basins, as glaciological models indicate these were lowlands over which marine-based ice would retreat.
Future drilling (a) Methodologies to identify future targets
As noted earlier, subglacial environments are highly erosive environments or subject to continual reworking and mixing of pre-existing sediments. Sedimentary basins that contain hundreds to thousands of metres of datable strata, marine or non-marine, lie beneath the Antarctic Ice Sheet. However, the record is likely to be the condensed fragments of a long history that is far more complete, but less direct, in deep-sea muds. Site selection prospects can now be improved using numerical ice sheet modelling to identify zones of sedimentary erosion and deposition [79] . Such models have been applied to palaeotopographic reconstructions, which consider subsidence histories relating glacial loading and tectonic rifting as well as glacial erosion and deposition through time, thus providing a powerful tool to identify potential sedimentary basins that were active during the Cenozoic. Standard seismic stratigraphic and basin analysis methodologies on the outer shelf can potentially link characteristic seismic packages beneath the grounded ice sheet to provide a guide to the ages represented for strata imaged beneath the ice, but only drilling provides age, environment and history.
(b) Subglacial sediment sampling and cleanliness issues
The discovery of active lake and drainage systems beneath the Antarctic Ice Sheets [80] highlighted the need to avoid biological or chemical contamination in accessing and sampling the subglacial realm, and in the following year a committee of the US National Academy of Sciences published a comprehensive report with guidelines for addressing the issue [81] . The technology for sterile sampling of the subglacial aquatic environment has already been developed, including the coring of soft sediment beneath an ice sheet to a depth of 1-3 m through a clean access hole [82] .
Currently, a Rapid Access Ice Drill (RAID) technology is being developed as part of the US Ice Drilling Program's Long Range Science Plan 2014-2024 [83] . It will be able to core bedrock to a depth of 25 m beneath an ice cover of the order of 3000 m thick [83] , with initial deployment expected in 2017. As the plan states 'the unknown subglacial geology of Antarctica represents the last continental frontier of geologic exploration, including landscape evolution, past palaeoclimates on geological time scales, crustal heat flow, lithospheric stress, ground truth for geophysical imaging, constraints on geodynamical evolution, and relationship with past supercontinents.' To take full advantage of this technology for past environmental history, seismic imaging techniques for sedimentary strata beneath the ice will need to be improved. Remote sensing has recently led to remarkable advances in understanding of the landscape evolution and tectonic history of subglacial features, for example the Gamburtsev Subglacial Mountains, through high-resolution sub-ice imagery [84] and aerogeophysical surveys [85] . However, continuous coring through hundreds of metres of the sedimentary apron around the mountains will be needed in order to characterize and date their early glacial history with any confidence.
To recover cores hundreds of metres thick from modern lakes or ancient sedimentary basins beneath ice thousands of metres thick will require melding a hot-water drilling technology for an access hole through the ice and a wireline rotary system for the sediment and rock beneath. The subglacial drilling would involve a drilling fluid with viscosity and gel strength mud in order to lift the cuttings and maintain a stable borehole between core runs, which is particularly critical for soft, unlithified muddy sediments. Owing to the critical need to maintain a pristine environment in the subglacial realm, water-based drilling mud systems composed of bentonite, a naturally occurring clay mineral, would be preferable to hydrocarbon-or synthetic-based systems. This has the logistical advantage that water from hot-water drilling, which has already been sterilized, could also be used for the mud. Drilling fluids such as those mixed from bentonite are thixotropic and critical for maintaining an open hole during deep geological drilling, as it acts as a viscous fluid when being pumped during drilling, but once pumping is ceased it behaves as a gel acting to stabilize the drill hole condition. However, these drilling fluids return to a liquid state once pumping resumes. Alternatively water-based thixotropic drill fluids can be mixed from organic and synthetic polymers. Such drill fluids could potentially be biologically decontaminated using ultraviolet (UV) light or gamma irradiation methods, but would need to be tested if such techniques would break down critical chemical constituents (especially polymers) that act to influence the viscosity and thixotropic nature of the drilling fluid. Additionally, the turbidity of the drilling may make techniques such as UV decontamination less effective if light was unable to penetrate fully through the liquid.
It would be more difficult to develop a system with no chemical contamination of the subglacial environment. To avoid contamination from drill fluids or re-suspended subglacial sediments into active subglacial hydrology networks, drilling of this type would need to be limited to regions where the basal ice is virtually stationary or frozen to its bed. In any event, this would be a pre-requisite for drilling more than a few metres in order to avoid moving ice at the base shearing the drill string before a significant thickness of sediment could be cored. But even in regions where the basal ice is stationary, it is likely to be at pressure melting point, which could lead to contamination of active hydrological systems at the ice-rock interface and within the strata beneath.
Concluding remarks
Geological drillcores obtained from the subglacial environment have the potential to provide important constraints and reduce uncertainties on the past contributions of the Antarctic Ice Sheet to Cenozoic sea-level variations. In particular, such records could test hypotheses of thresholds of marine and terrestrial ice sheet collapse to past warm climates under elevated atmospheric CO 2 concentrations. Geologically recent targets such as the sediment deposited during the last few interglacial periods, in particular MIS 5e (120 ka), are likely to be accessible with current technology. For older and longer records, an extension of the technology being developed for the RAID programme will probably be needed. Stratigraphic drilling for sampling hundreds of metres beneath even stationary ice sheets will undoubtedly prove to be more of a technological challenge than stratigraphic drilling through moving ice shelves.
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